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Various compounds of presumed biological origin have been isolated from petroleum,' ancient sediments,2-4 and meteorites.5 Among these classes of organic compounds, the hydrocarbons have probably received the most attention. Meinscheinr found that the extracts of soil contained more odd than even carbon-numbered normal paraffins. Bray' reported that the ratio of odd over even carbon-numbered n-paraffins is significant in Recent sediments, approximately 2.4 to 5.5. However, the value decreases for older sediments, and it is close to 1.0 in petroleum. The isoprenoid hydrocarbons with the regular headtail-head-tail linkage have been taken to be the residue of life forms. 3 Barghoorn and his co-workers8' 9 claimed to have found blue-green algae and bacterialike microfossils in Precambrian rocks. It is very important to obtain confirmatory evidence for the existence of these primitive microorganisms in the Precambrian period.
Chemical criteria can be used as confirmatory evidence for classifying living organisms which were previously identified solely on the basis of morphologic characteristics. Chemistry may have more to contribute than any morphological analysis, not only because of the relative evanescence of most plant tissues in geological deposits, but also because the biochemistry of evolutionary processes may be deduced from the presence of compounds from known diagenic pathways.
The evolutionary step from the procaryotic cell (blue-green algae and bacteria) to the eucaryotic cell (green algae, fungi, protozoa, higher plants, and animals) is recognized by the appearance (or presence, in some cases) of nuclear membrane, mitotic division, chromosome number, cytoplasmic streaming, and mitochondria in the eucaryotic cell. Since lipids are important constituents of cytoplasmic and intracellular membranes, chemical taxonomic studies have been made to determine whether such evolutionary transitions are reflected at the molecular level.
We have analyzed the hydrocarbon constituents of four species of blue-green algae (Table 1) , seven species of nonphotosynthetic bacteria (Table 2) , and six species of green algae and photosynthetic bacteria ( Table 3 ). The method used to extract, fractionate, and analyze the hydrocarbons from the algae and bacteria has been described in our preliminary report.10
The freeze-dried cells were sonicated with 150 ml 3: 1 benzene: methanol by stirring for 30 minutes. Then the total sample and supernatant were transferred to a soxhlet apparatus and extracted with benzene: methanol for eight hours. After solvent was removed from the extract on a rotary evaporator, the organic residue was separated into three groups by column chromatography. The column contained 100 gm activated alumina which had been washed with 150 ml n-heptane. The residue of the original extract was placed on top of the column. The first fraction containing the aliphatic hydrocarbons was eluted from the column with n-heptane, the second with benzene, and the third with methanol. In this report the composition of only the first fractions (hydrocarbons) will be discussed. After most of the solvent was removed from the n-heptane fraction, the sample was then analyzed by capillary gas chromatography and mass spectrometry. All mass spectra were taken using a combination of an Aerograph 204 gas chromatograph and an AEI MS-12 mass spectrometer. The gas chromatographic oven temperature was programmed from 900 to 3000C at 2°C/minute with a helium flow rate of 2.5 ml/minute. The effluent from the capillary column was split into two parts, 1.5 ml/minute going to the flame ionization detector and 1 ml/minute going through a 1 ft X 0.002 inch i.d.
heated stainless steel tube at 2200C into the ion source of the mass spectrometer. Normal paraffins are among the most stable of all biogenic organic compounds and are thought to be diagnostic of biologically produced organic matter which can be derived from the decarboxylation of fatty acids. The normal heptadecane is the dominant compound in the hydrocarbon fraction of all the photosynthetic microorganisms, but the predominance is not found in aerobic and anaerobic nonphotosynthetic bacteria. Johns et al. 4 reported that the n-C17 alkane was a major peak in the total normal alkane fraction of the Soudan Shale (2.5 X 109 years). This may indicate that photosynthetic microorganisms are a major hydrocarbon source in the Soudan Shale.
Normal alkanes of carbon number less than C14 and more than Cu are rarely present to any appreciable extent in blue-green algae and green algae (Table 1) . However, the hydrocarbons from photosynthetic and nonphotosynthetic bacteria range in chain length from C13 to C31 (Tables 2 and 3 ). These hydrocarbon distributions are very different from the higher plants which contain normal hydrocarbons ranging from C23 to C35.18 The difference between the normal hydrocarbon patterns of microorganisms and higher plants is striking, and there appears to be a future for taxonomic correlation based on this approach.
In the Recent lake sediment, the Mud Lake of Florida (5000 years),'0 n-C29, and n-C31 alkanes are the most important peaks in the total hydrocarbon fraction. The Green River Formation (50 X 106 years) has two peak maxima in the normal alkane fraction,4 one at n-C,7 and another one at n-C29 and n-C31. It appears that the high molecular weight of odd-numbered paraffins, n-C27, n-C29, and n-C31 are contributed by higher plants. In the Green River Formation the higher plants and photosynthetic microorganisms appear to play equally important roles in hydrocarbon production.
If we disregard the n-C17 hydrocarbons, the amounts of odd-numbered homologs and the even-numbered ones in either algae or bacteria are about equal (Tables 1, 2 , and 3), in contrast to higher plants. ' assumed to be end products of the living organism metabolism,'9 this may be significant in terms of the specificity of the enzyme systems which are involved in the formation of the alkanes from acetate units. It is probable that one route to the living orgaiuism hydrocai'hons involves decarboxylation of the corresponding long-chain fatty acids. The decarboxylation of the fatty acids of chain length CI0-C34 which might give rise to the typical n-alkanes are dependent on the enzyme specificity of the organisms.
The 50:50 mixture of 7-and 8-methylheptadecane'0 appeared to occur uniquely in the blue-green algae and was absent in other photosynthetic and nonphotosynthetic bacteria. These hydrocarbons have also not been found in the green algae, which are more advanced than blue-green algae. These methyl-branched alkanes seemed to be of particular significance because the methyl branches are not the iso-and anteiso-structures which have been found in many living organisms. This pair of hydrocarbons may be of considerable importance in taxonomic studies, not only because of the large amount found in the blue-green algae, but also because of its unique presence in such a primitive microorganism. The biological occurrence and structures of this branched C18 hydrocarbon has been confirmed previously.20 Some evidence indicates'9 that the biosynthesis of this mixture involves vaccenic acid (cis-11-octadecenoic acid). A methyl group is added to the double bond of vaccenic acid, perhaps via the cyclopropane intermediate. This is followed by decarboxylation to yield the 7-and 8-methylheptadecanes.
The next step is to find out whether there is any evidence that this peculiar structure is present in Precambrian rock itself. Since blue-green algae fossils are believed to be present in some of the ancient rocks,8 9 the branched-C18 hydrocarbon becomes an extremely important biological marker to prove the occurrence of primitive algae in that age. The locations of the branched-C1s hydrocarbon coincided with peak a in Figure 1 . This implies that blue-green algae were probably present at the time of the formation of the Soudan Shale.
The isoprenoid hydrocarbons are absent in blue-green algae and green algae, but they are widely distributed in most of the photosynthetic and nonphotosynthetic bacteria. The highest content of pristane was found in P. shermanji (46.5%) (Fig. 2) , an anaerobic nonphotosynthetic bacteria. This implies the anaerobic nonphotosynthetic bacteria has the enzymatic system which produces the isoprenoid hydrocarbons although the chlorophylls are absent. This indicates that the nonphotosynthetic anaerobic bacterial activity may play an important role in isoprenoid hydrocarbon diagenesis.
It has been suggested8 9 that in the early period of Precambrian time no living organism existed on the earth except procaryotic cells, bacteria, and blue-green algae. Probably after the blue-green algae began to decline, bacteria became more active. The isoprenoid hydrocarbons, higher-molecular-weight hydrocarbons, and those unresolved branched and cyclic hydrocarbons were produced by anaerobic nonphotosynthetic bacteria. Figure 3 , the total hydrocarbons from Clostridium tetanomorphum H-i, shows the distribution of normal alkanes and more than a hundred resolved peaks between n-C,6 and n-C26. Mass spectra indicate these unresolved peaks are and cyclic hydrocarbons, which also existed in every Precambrian rock.
As shown in Table 3 , some of the photosynthetic bacteria, Rhodospirillum rubrum and Rhodomicrobium vannielii, contain approximately 92-95 per cent branched and cyclic hydrocarbons in the total hydrocarbon mixture. Those have a gas chromatographic retention time between n-Cs and n-C32. The mass spectroscopic data indicates the predominant peak in both cases is squalene. Approximately 1 per cent of the steranes and tr-iterpanes can also be detected by gas chromatography mass spectrometry. The individual structures of these hydrocarbon content of the Green River Shale,4 but they are only present in the Nonesuch and Soudan Shales in very small amounts.2 It is probable that one route to the high-molecular-weight cyclic hydrocarbons involves some reactions of the sterols. The sterols which may give rise to the typical steranes and triterpanes by geological processes are common constituents of eucaryotic cells. It is suggested that the initial reaction process has to take place by the reaction of the functional groups of sterols. This could then be followed by reduction, isomerization, thermal cracking, as well as anaerobic bacterial activities during geological time to give high-molecular-weight cyclic hydrocarbons in the Green River Shale.
The use of chemical constituents and so-called molecular characteristics as an aid to the classification of living organisms is not only a familiar concept now, but also a very useful tool. These characteristics have the advantage over morphological ones in that they can be very exactly described in terms of definite chemical structures. heptadecane is only present in blue-green algae and absent in any other living organism so far examined.
(b) The isoprenoid hydrocarbons, pristane and phytane, are absent in algae and aerobic bacteria but are generally present in the others.
(c) Squalene, steranes, and triterpanes are absent in algae and nonphotosynthetic bacteria but are present in most cases in photosynthetic bacteria and higher plants.
(d) In all cases, the odd over even carbon-numbered n-paraffins is approximately 1.0 in aerobic and anaerobic bacteria, while it is greater than 10 in higher plants. The value is 1.0 to 5.0 in algae when the predominant component n-C17 is excluded.
(e) The n-C17 hydrocarbon is predominant in algae, the dominance is decreased in photosynthetic bacteria. The intensity is not outstanding in nonphotosynthetic bacteria and generally absent in higher plants.
U) The n-C27, n-C29, and n-C3O alkanes are the major constituents in higher plants, within the normal distribution range in bacteria, but they are absent in algae.
